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Transcription factor regulation and chromosome
dynamics during pseudohyphal growth
David Mayhew and Robi D. Mitra
Department of Genetics and Center for Genome Sciences and Systems Biology, Washington University School of
Medicine, St. Louis, MO 63108

ABSTRACT Pseudohyphal growth is a developmental pathway seen in some strains of yeast
in which cells form multicellular filaments in response to environmental stresses. We used
multiplexed transposon “Calling Cards” to record the genome-wide binding patterns of 28
transcription factors (TFs) in nitrogen-starved yeast. We identified TF targets relevant for
pseudohyphal growth, producing a detailed map of its regulatory network. Using tools from
graph theory, we identified 14 TFs that lie at the center of this network, including Flo8,
Mss11, and Mfg1, which bind as a complex. Surprisingly, the DNA-binding preferences for
these key TFs were unknown. Using Calling Card data, we predicted the in vivo DNA-binding
motif for the Flo8-Mss11-Mfg1 complex and validated it using a reporter assay. We found
that this complex binds several important targets, including FLO11, at both their promoter
and termination sequences. We demonstrated that this binding pattern is the result of DNA
looping, which regulates the transcription of these targets and is stabilized by an interaction
with the nuclear pore complex. This looping provides yeast cells with a transcriptional memory, enabling them more rapidly to execute the filamentous growth program when nitrogen
starved if they had been previously exposed to this condition.
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INTRODUCTION
Understanding how signaling pathways activate transcriptional
agendas to differentiate cells into a desired fate is a central question of developmental biology. One of the simplest models of cellular differentiation is offered by the budding yeast Saccharomyces
cerevisiae. On appropriate stimulation, the normally single-celled
organism is capable of undergoing a developmental switch to a
multicellular form, a process known as filamentous growth. In response to nutrient deprivation or other stress signals, budding
yeast cells grow into elongated cell shapes, or pseudohyphae, that
are morphologically and physiologically distinct from the traditional
yeast form more commonly associated with budding yeast. Unlike
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bacteria or the unicellular eukaryotes such as protozoa, yeasts are
nonflagellated, nonmotile microbes; thus, faced with nutrient starvation, yeast cells have two options for survival: sporulate or search
for nutrients (Vivier et al., 1997). Filamentous growth is believed to
allow budding yeast to search for nutrients (Gimeno et al., 1992), as
the elongated cells remain associated and in communication with
each other. Thus, as the population proliferates, cells can invade
solid agar media or move through static liquid media in search of
carbon or nitrogen (Honigberg et al., 2011). Filamentous growth is
also crucial for virulence in pathogenic yeast such as Candida albicans because it allows cells to adhere to other surfaces and form
drug-resistant biofilms (Lo et al., 1997; Verstrepen et al., 2006).
The most commonly used S. cerevisiae strains for the study of
filamentous growth are those derived from the Σ1278b background.
Based on use of this strain, a large number of signaling pathways
have been implicated in a cell’s decision to transition to filamentous
growth. These include the mitogen-activated protein kinase (MAPK),
cyclical adenosine monophosphate (cAMP)–protein kinase A (PKA),
and target of rapamycin (TOR) signaling pathways, which are responsible for sensing cell-cycle, nutrient, pH, and osmolarity conditions (Granek et al., 2011). A genome-wide analysis of the effect of
single-gene deletions on pseudohyphal growth in the Σ1278b strain
identified 691 genes that play a critical role in the cell’s ability to
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FIGURE 1: Design of multiplexed experiment. Multiplexed Calling Card analysis begins by transforming 28 barcoded
Ty5 transposons into 28 Σ1278b strains in which the genomic copy of a TF is tagged with the Ty5-interacting domain of
Sir4. Invasive growth and transposon hopping are simultaneously induced by plating on SLAG plates. Ty5 transposition
is directed toward TF binding sites in each tagged strain. After 48 h, cells are collected and transposons are mapped on
an Illumina HiSeq with the barcode in each transposon identifying the TF that directed it. Locations are mapped to the
Σ1278b genome, and significant clusters are calculated.

execute the filamentation program (Ryan et al., 2012). A smaller set
of 550 genes, identified in an overexpression screen (Shively et al.,
2013), was found to enhance pseudohyphal growth. Although these
studies revealed a large number of genes important for filamentous
growth, less is known about the regulatory network that controls
and coordinates their expression.
A few of the transcription factors (TFs) that are known to be important for filamentous growth have been analyzed by chromatin
immunoprecipitation (ChIP)-chip (Borneman et al., 2006; Bumgarner
et al., 2009; Cain et al., 2012). However, given the number and diversity of signals involved in the initiation of filamentous growth and
the problem of cross-talk between these pathways (Borneman et al.,
2006), our understanding of how these pathways are integrated into
a logical response remains limited. The “Calling Card” method represents a way of identifying the genomic binding locations of multiple
TFs in a single experiment and recording that binding through
development in vivo (Wang et al., 2011, 2012). We used this technology to determine the genome-wide binding patterns of 28 filamentation-related TFs as yeast cells switch to filamentous growth to
elucidate the regulatory network governing filamentous growth.

RESULTS
We constructed a set of 28 strains, each with a Sir4-tagged TF relating to pseudohyphal growth (Supplemental Table S1) in a Σ1278bderived strain of S. cerevisiae. These TFs include MAPK regulators
Ste12 and Tec1, PKA regulators Flo8, Sok2, and Phd1, and other TFs
spanning the Rim101 and TOR pathways. Each tagged strain consists
of the Ty5-targeting domain of Sir4 (YDR227W, amino acids 951–
1200) fused to C-terminus of each TF. Each strain was then transfected with a barcoded Ty5 transposon and pooled together for multiplexing through the remainder of the experiment (Figure 1). Pooled
cells were then grown on agar plates containing synthetic low–
ammonium galactose (SLAG) medium to induce both filamentous
growth and Ty5 transposition. The yeast underwent invasive growth
into the agar and the barcoded Ty5 transposon inserted into the genome nearby, where its matched Sir4-tagged TF was bound at that
time (Wang et al., 2011). After 48 h of induction, the pseudohyphae
that had invaded the agar were collected and the insertions
2670 | D. Mayhew and R. D. Mitra

sequenced on a HiSeq platform (Illumina, San Diego, CA). The subsequent reads were then aligned to the Σ1278b genome (Dowell et al.,
2010). The barcode in each transposon sequence identifies which TF
directed its insertion, and the portion of the sequencing read that
maps to the yeast genome reveals where the TF was bound.

Calling Cards accurately identify TF binding in the
promoters of essential genes and genes related
to pseudohyphal growth in haploid yeast cells
Previous work benchmarked the Calling Card method against ChIPchip analysis and found it to be accurate and reproducible (Wang
et al., 2011). However, that analysis was performed in diploid yeast
cells. The study of the haploid invasive growth program of pseudohyphal growth may encounter additional biases that would not be
observed in diploid yeast. For example, it is possible that an insertion of the Ty5 transposon in or near the promoter of an essential
gene may disrupt its expression, thereby killing the cell and preventing transposon recovery from this promoter. To determine whether
such biases exist, we recovered Ty5 insertions from an untagged
sir4Δ haploid strain. Because these insertion events were not directed by a TF, they should not be biased to insert near any TF binding sites (Wang et al., 2011). We observed an eightfold decrease in
transposon insertions into the coding sequence of essential genes
relative to the number expected under the assumption that transposons insert in a uniform distribution into the yeast genome. For nonessential genes, we observed a 0.3-fold decrease for insertions into
their coding sequence. However, for insertions into the upstream
regulatory regions of essential genes, we observed a 1.7-fold increase over the expected value; for nonessential genes, we observed a 2.5-fold increase (Supplemental Figure S1). The higherthan-expected values can be explained by Ty5’s preference to insert
in sequences upstream of genes (Baller et al., 2011; Wang et al.,
2011). We also tested the promoters of genes specifically required
for the pseudohyphal growth phenotype and observed a 1.5-fold
increase over the expected value. From these results, we conclude
that the method can recover transposon insertions events in the
promoters of essential genes, nonessential genes, and the genes
required for pseudohyphal growth in haploid cells.
Molecular Biology of the Cell

pseudohyphal growth or 2) in the 550 genes
that, when overexpressed, enhance pseudohyphal growth (Figure 2B). For any given TF,
a minority of its targets were found in one of
these sets, with percentages ranging between 0 and 29% for required targets and 0
and 21% for overexpression targets. The
majority of the genes in these two classes
are not directly bound by one of the 28 TFs.
These genes are likely regulated by TFs upstream or downstream of the ones included
in this study.
Many of the target genes have promoters that are bound by more than one of the
28 TFs analyzed, suggesting combinatorial
regulation. For example, the promoters of
MGA1 and PHD1 were previously identified
as regulated by 6 different TFs in pseudohyphal growth by ChIP-chip (Borneman et al.,
2006). These genes are master regulators of
the process and can induce pseudohyphal
growth in rich media. These examples led us
to hypothesize that genes that are regulated
by >1 of the 28 TFs analyzed in our study
were more likely to be required for filamenFIGURE 2: The transcriptional network of pseudohyphal TFs. (A) The 28 TFs bind a total of 725
tous growth or to enhance the phenotype.
targets within the filamentous growth transcriptional network. (B) Percentages of targets bound
To test this hypothesis, we divided all genes
by the 28 TFs that are required for pseudohyphal growth and whose overexpression can
into three categories: 1) those bound by
enhance pseudohyphal growth. (C) Genes whose promoters are bound by ≥2 of the 28 tested
multiple filamentation-related TFs, 2) those
TFs are more likely to be required for or can enhance pseudohyphal growth than genes that are
bound by a single TF from the 28 tested,
bound by a single TF or none of the TFs. (D) Fourteen of the 28 TFs showed a nonzero
and 3) those not bound by a TF in our study.
betweenness centrality in the transcriptional network of pseudohyphal growth.
The targets bound by multiple TFs were
To further establish that the multiplexed Calling Card is accumore likely both to be required for, and whose overexpression would
enhance, pseudohyphal growth compared with the other two sets
rately identifying TF targets involved in pseudohyphal growth, we
(p < 0.02, Fisher’s exact test; Figure 2C). From this analysis, we concompared the targets determined for three of the TFs in our study
clude that the combinatorial binding of multiple TFs related to
(Flo8, Sok2, and Ste12) against those found by ChIP-chip binding
data in diploid Σ1278b strains (Borneman et al., 2006). In all three
pseudohyphal growth makes a gene more likely to play a required
cases, there was a high degree of concordance, as determined by
role in regulating the process, and these hubs are listed in Supplemental Table S3.
receiver operator characteristic (ROC) curve analysis (Supplemental
Figure S2). Differences in binding likely represent physiological difSome of the TFs in our analysis, such as Gcn4 and Fkh1, directly
ferences between the haploid and diploid pseudohyphal growth
regulate only a small number of targets related to pseudohyphal
programs, as these require substantially different sets of necessary
growth. Because increased binding by multiple TFs correlates with
importance in the regulation of the process, we next ordered each
genes (Ryan et al., 2012). We next compared the targets bound by
TF in the network by its betweenness centrality to determine which
at least one of the TFs we tested with the core 61 genes known to
are at the core of the transcriptional circuit. In graph theory, bebe required for all of the filamentous growth development programs
tweenness centrality is a count of all the shortest paths through the
(e.g., FLO11, FLO8, TEC1, etc.) and found that 25 of these targets
network that pass through that node and represents a measure of
(41%) were bound directly by one of the TFs (p < 1e-17, hypergeothe node’s centrality in the network. Of the TFs tested, 14 had a
metric). This is a high degree of overlap, considering that many
nonzero betweenness centrality score (Figure 2D), suggesting that
of the genes required for filamentous growth will be regulated by
factors downstream of our 28 core TFs. Taken together, these results
these TFs are central to the filamentous growth program. Of particular interest were the factors Flo8, Mfg1, and Mss11. These TFs had
indicate that the multiplexed Calling Card approach is accurately
high centrality scores, bind cooperatively (Shapiro et al., 2012), and
identifying targets related to pseudohyphal growth.
are required activators of filamentous growth, as deletion of any of
Transcription factor regulation of pseudohyphal growth
the three factors abolishes the cell’s ability to undergo pseudohyphal growth (Ryan et al., 2012).
The 28 TFs bind a total of 725 targets across the genome (Figure
2A). The binding data for all TFs are listed in Supplemental Table S2.
The in vivo DNA-binding preferences of the
Because many of the TFs included in the experiment have additional regulatory roles beyond their involvement in pseudohyphal
Flo8-Mfg1-Mss11 complex
growth, it is likely that not all of their targets identified here are inWe next analyzed the Calling Card data for all 28 TFs to identify the
volved in the process. To understand better how each TF is regulatconsensus sequence or motif bound by a TF (Wang et al., 2011). We
found significant motifs for 17 of these factors (Figure 3A). Because
ing filamentous growth, we ranked the TFs based on the percentage of target genes that were either 1) in the 691 genes required for
no consistent consensus binding site has been identified for the
Volume 25 September 1, 2014
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FIGURE 3: Identification of a novel binding motif for the Flo8-Mfg1-Mss11 complex. (A) Significant DNA-binding motifs
for all of the Calling Card tagged TFs in the experiment. (B) The binding distributions of Flo8, Mfg1, and Mss11 are all
centered on the same binding motif ±3 base pairs, which is less than the length of the motif. (C) A mutation in the
predicted Flo8p-binding site in the CUP9 promoter in a reporter driving DsRed significantly decreases expression in the
nitrogen-starved induction condition.

Flo8-Mfg1-Mss11 complex (Zhu et al., 2009; Spivak and Stormo,
2012) despite their importance to the filamentous growth program
(Shapiro et al., 2012), we focused on their motifs. The most significant motifs found for Flo8, Mfg1, and Mss11 were identical, as
would be expected for TFs that bind in a complex. For these TFs,
the distribution of Calling Card insertions was centered on this sequence motif, with a mean distances from the center of each distribution less than the length of the motif (Figure 3B), providing further
evidence that this motif accurately captures the DNA-binding preferences of the complex. To verify this motif, we created a reporter
plasmid with one of our Flo8-Mfg1-Mss11–bound promoters (CUP9)
that contains a single putative Flo8-binding site, driving the florescent protein DsRed. CUP9 expression should be activated in the
nitrogen starvation condition, and the wild-type (WT) reporter responded as expected, with a 3.6-fold increase in DsRed fluorescence in cells grown in the starved condition (Figure 3C). A mutation
in the predicted Flo8-binding site decreased this induction by 82%
(p < 1 × 10−4, Student’s t test), indicating that this sequence is necessary for full CUP9 activation.

Gene looping at the FLO11 locus
During our investigation into the binding of Flo8, we noticed an
unusual pattern of binding at the FLO11 locus. FLO11 encodes a
flocculin, a glycosylphosphatidylinositol-anchored cell surface glycoprotein that is necessary for pseudohyphal growth (Lambrechts
et al., 1996; Guo et al., 2000) and is a key component of the fibers
connecting flocculating yeast cells. We observed a peak of Flo8
binding at the FLO11 promoter centered on a Flo8-Mfg1-Mss11
consensus binding site that is located 1.1 kb upstream from the
translation start site (Figure 4A). Of interest, we also observed Flo8
binding in the terminator sequence of FLO11, even though this sequence lacks a consensus binding motif for the Flo8-Mfg1-Mss11
complex. Because the promoter of FLO11 is bound by several of the
TFs that were analyzed, we next explored whether similar patterns
of binding were observed for any other factors. As expected, the
activators Mfg1 and Mss11 both bound FLO11 in a manner that was
2672 | D. Mayhew and R. D. Mitra

nearly identical to that observed for Flo8. Both showed ratios of
promoter binding to terminator binding of 0.5 (Figure 4B). In contrast, two known repressors of filamentous growth, Sok2 and Sfl1,
bound almost exclusively at the FLO11 promoter, both with binding
ratios of 0.9. This pattern held true for the eight additional TFs that
bind at FLO11, with activators of FLO11 expression bound equally
at both the promoter and terminator and repressors of FLO11 expression bound only at the promoter (Figure 4B).
These observations are consistent with two possible models. In
one model, activators are recruited to the FLO11 promoter by specific cis-acting sequences and are then brought into close proximity
to the terminator by DNA looping (Singh and Hampsey, 2007). An
alternative model is that the activators have affinity for both the
promoter and terminator sequences at FLO11. To distinguish between these two possibilities, we used GOMER, a thermodynamic
framework that predicts transcription factor binding based on a
position-specific weight matrix (PSWM; Granek and Clarke, 2005).
Based on sequence preferences alone, Flo8 was predicted by
GOMER to be 18-fold more likely to bind at the FLO11 promoter
than the terminator. This prediction is in stark contrast to the
observed binding ratio of 1:1. Similar results were observed for the
other activators that bind at FLO11 (Supplemental Figure S3). These
results suggest that activators are indeed first recruited to the promoter and then brought in proximity to the terminator by DNA
looping. In our working model, this loop forms when the FLO11
gene is expressed (i.e., activators are bound), which causes the insertion of TF-directed Calling Cards into both the promoter and
terminator; however, when FLO11 is not expressed (i.e., repressors
are bound), the loop dissipates, and Calling Card insertions only
occur in the promoter (Figure 4C).
To test this model, we performed chromatin conformation capture (3C) analysis (Dekker et al., 2002; Singh et al., 2009) to measure
the proximity of the FLO11 promoter and terminator (see Materials
and Methods). Cells grown in the low-nitrogen filamentous
induction condition displayed a twofold higher 3C signal than cells
grown in rich media (p = 3.8 × 10−3, Student’s t test; Figure 4D),
Molecular Biology of the Cell

FIGURE 4: DNA looping occurs at the FLO11 locus. (A) Binding of three activators at FLO11 for three activators (Flo8,
Mfg1, and Mss11) shows equal binding in the promoter and terminator. The binding of two repressors (Sok2 and Sfl1)
shows higher binding in the promoter. (B) Relative binding of all of the tagged TFs that bind in the promoter of FLO11
correlates with the function of the TF. The y-axis is the phenotypic score for haploid invasive growth for knockouts of
each protein, with negative scores meaning that the mutant has a deleterious effect and positive scores meaning that
the mutant has an enhanced effect. The x-axis represents the relative binding of the TF in the promoter relative to the
terminator. (C) Looping between promoter and terminator will occur when activators are bound and FLO11 is
expressed, whereas when repressors are bound, there is no looping and no FLO11 expression. (D) Looping between the
FLO11 promoter and terminator depends on nitrogen starvation and is abolished in a Flo8 mutant strain. Error bars are
shown as SD among three biological replicates.

confirming that looping is correlated with FLO11 expression. Of
importance, this 3C signal is dependent on Flo8 binding, as deletion of this required activator decreases the looping signal 10-fold.
The 3C signal is also significantly higher at FLO11 than at the corresponding positions in MUB1, a gene of approximately the same
length as FLO11 and expressed at approximately the same level as
FLO11 during pseudohyphal growth. Together these results support our model in which activator binding at FLO11 causes a loop
to form, bringing the promoter and terminator in close proximity.

DNA looping provides transcriptional memory
for pseudohyphal growth
Given the presence of DNA looping at this important target relating
to pseudohyphal growth, we next sought to explore whether this
phenomenon plays a role in regulating the process. One proposed
physiological advantage for DNA looping is the ability to recycle
RNA polymerase II (RNAP II). In this model, RNAP II and transcriptional components are more quickly returned from the terminator to
Volume 25 September 1, 2014

the promoter, given their much closer proximity, enabling more efficient gene expression (Singh and Hampsey, 2007). Such a model
would predict that looped genes should be enriched for those that
are more highly transcribed in a nitrogen-starved condition. To test
this, we reanalyzed the Calling Card data and scored every target
gene for TF binding in the terminator sequence that could not be
explained by the PSWM for the TF. This analysis identified nine
probable looping events (Supplemental Table S4). Six of the nine
genes identified were TFs, and the most significant Gene Ontology
term for the genes was flocculation (GO:0000128; p = 3.53e-06),
indicating that looping may play a role in the transcriptional regulation of filamentous growth. However, when compared with our
RNA-seq data, all nine of the “looping” genes were expressed at
levels below the average of all genes (Supplemental Figure S4). This
result suggests that the observed looping is not increasing gene
expression via RNAP II recycling.
Another possible function for gene looping in filamentous growth
is for cellular memory. Gene loops at GAL10 (Laine et al., 2009) and
Regulation of pseudohyphal growth
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FIGURE 5: DNA looping provides transcriptional memory for activation of pseudohyphal growth. (A) Expression of
FLO11 increases more rapidly in cells moved from rich to nitrogen-starved media when they had been pretreated with
nitrogen-starved medium 4 h earlier. (B) Looping between the FLO11 promoter and terminator persists in pretreated
cells, even after expression of FLO11 has returned to basal expression. (C) Strains with knockouts of nucleoporin protein
Nup2 show decreased transcriptional memory for the same pretreatment experiment for FLO11. (D) Looping at FLO11
is inhibited in nitrogen-starved conditions in the mutant Nup2 strain. Error bars are shown as SD among three biological
replicates.

INO1 (Brickner et al., 2007) have been shown to provide yeast cells
with a “transcriptional memory” of previous exposure to certain
environments. For example, gene loops between the GAL10 promoter and terminator are formed when yeast cells are grown under
conditions that induce this gene (i.e., galactose); these loops are
maintained after removal of the inducing agent and subsequent
GAL10 down-regulation. If these cells are later grown in the presence of galactose, GAL10 expression increases more rapidly than in
yeast that were not pretreated. This transcriptional memory requires
loop formation at GAL10 (Laine et al., 2009). To test whether FLO11
might also exhibit transcriptional memory, we pretreated yeast in
nitrogen-starved media and then moved them back to rich media for
4 h. We then moved those cells back to nitrogen-starved media and
compared FLO11 expression with cells that had not been pretreated
(Figure 5A). We found that pretreated cells induced FLO11 expres2674 | D. Mayhew and R. D. Mitra

sion significantly faster than did naive cells, suggesting that yeast
have evolved a mechanism for transcriptional memory at the FLO11
locus. If this was due to DNA looping, then we should observe gene
looping at FLO11 in rich media if the cells were previously nitrogen
starved but not otherwise. We performed 3C as before in this condition and observed gene looping in pretreated cells (Figure 5B), even
after expression of FLO11 had returned to basal levels (12-fold decrease). In contrast, little gene looping was observed in yeast cells
that were not pretreated. This suggests that gene looping at FLO11
provides yeast cells with a mechanism to “remember” prior nutrient
deprivation in order to execute more rapidly the filamentous growth
program upon reexposure to these conditions.
To test whether gene looping at FLO11 is necessary for the
observed transcriptional memory, we next sought to assess the
consequences of disrupting looping. Brickner and colleagues
Molecular Biology of the Cell

demonstrated that gene looping at INO1 was stabilized by a physical interaction between the looped gene and the nuclear pore
complex (NPC), where the complex would remain primed for rapid
expression (Ahmed et al., 2010). To test whether the observed
looping at the FLO11 locus uses a similar mechanism, we deleted
NUP2, which encodes a nucleoporin that facilitates nucleocytoplasmic transport, is involved in maintaining gene loops at the NPC,
and whose deletion has negligible effects on all assayed traits of
filamentous growth (Ryan et al., 2012). A nup2Δ deletion strain,
after pretreatment in nitrogen-starved medium, shows significantly
slower activation of FLO11 upon returning to the induction condition (Figure 5C). The same strain shows impaired loop formation at
FLO11 by 3C (Figure 5D), indicating that the memory mechanism
at FLO11 is dependent on loop formation. The lack of effect of the
nup2Δ mutation on the pseudohyphal growth phenotype indicates
that this mechanism of looping is not required for FLO11 expression or the broader process of filamentous growth; however, NPCmediated looping is required for the transcriptional memory of
FLO11 expression and likely the other identified looping events.
Taken together, our results demonstrate that yeast cells can more
rapidly undergo filamentous growth when starved for nitrogen if they
had been previously exposed to this condition. This “memory” is
achieved by a mechanism of gene looping at the flocculin FLO11 and
likely eight other gene targets involved in the activation of pseudohyphal growth. This enables the yeast to express these genes more rapidly if they need to activate pseudohyphal growth in the future. We
also showed that the gene loop at FLO11 is stabilized by an interaction with the NPC, as was previously observed for INO1 and GAL10.

DISCUSSION
Using a multiplexed Calling Card approach, we recorded the binding of 28 TFs during the developmental program of pseudohyphal
growth. The complexity of the regulatory network that governs this
process is illustrated by the large number of genes required for this
process and the large number of TFs that coordinate the expression
of these genes. The TFs and signaling pathways studied here are
not unique to pseudohyphal growth, and many are involved in other
cellular process, such as the cell cycle, mating, and stress response.
It is therefore not surprising that only a minority of all targets bound
by any of the TFs were directly related to the process. Some of the
28 TFs that we analyzed had a very low percentage of targets that
could be functionally tied to pseudohyphal growth and seem to
only tangentially regulate these genes. A requirement to be included in our analysis was that the TF should have an effect (positive
or negative) on the cell’s ability to undergo filamentous growth.
Some of these TFs may act indirectly by interfering with nitrogen
metabolism or other ways of initiating stress responses. By focusing
on the core set of genes that were bound by multiple TFs in the
multiplex, we were able to enrich for some of the more important
targets, which need to be activated for the process. This allowed us
to define 14 TFs that were most central in the filamentous growth
network, including the Flo8-Mfg1-Mss11 complex, for which we
identify a novel motif describing its DNA-binding preferences.
Although one purpose of this study was to provide a comprehensive map of the regulatory network governing filamentous
growth, the FLO11 gene emerged as a particularly intriguing node
in this pathway. Thirteen of the 28 TFs screened in this study had
significant binding in its promoter, and we also observed substantial
gene looping at this locus. The FLO11 promoter is one of the largest
promoters in the yeast genome (∼3.2 kb), and this may explain why
so many TFs that regulate pseudohyphal growth are able to bind at
this locus. Given the high number of regulatory mechanisms already
Volume 25 September 1, 2014

known to function at this gene, further refinements by DNA looping
are not surprising. For example, expression of the FLO11 transcript
has been observed to demonstrate both bistability and hysteresis
upon nitrogen starvation (Vinod et al., 2008), and the looping model
may help explain these observations.
Because the theme of looping distal DNA elements to promoters
is often observed in transcriptional regulation, it is possible the observed phenomenon could be extrapolated to other pathways and
organisms. Yeast looping from promoter to terminator relating to
memory has been documented at GAL10 and INO1, which seem to
have evolved to provide more rapid responses to galactose- or inositol-starved growth conditions. The process of acquiring resistance
in yeast to oxidative stress has also been observed to demonstrate
cellular memory in an NPC-dependent manner (Guan et al., 2012),
indicating the theme of memory could be involved in more cellular
processes. Another interesting observation from this study was that
DNA looping generated a strong Calling Card peak 4 kb away from
the binding motif for that TF. This phenomenon may help explain
the fact that many ChIP-sequencing (ChIP-seq) peaks contain no
motif for that TF (Kulakovskiy et al., 2010; Yip et al., 2012). For
example, across all of the TFs tested in the ENCODE project, the
DNA-binding motif of the tested TF was observed in only 55% of
the ChIP-seq peaks (ENCODE Project Consortium et al., 2012).
ChIP-seq peaks without a binding motif could be explained by DNAlooping events that juxtapose distal enhancers with other regulatory
regions. Given the importance and repetitive use of these mechanisms, high-throughput technologies such as Calling Cards should
be useful in elucidating the regulatory architecture of many other
systems.

MATERIALS AND METHODS
Calling card analysis
All Calling Card experiments used strains derived from the
yRM1013 sir4Δ mat α strain from the Σ1278b background:
can1ΔSTE2pr-SP_his5 lyp1ΔSTE3pr-LEU2 his::his3G leu2Δ ura3Δ
Δsir4::HygMX. PCR products consisting of the Ty5-targeting domain
of Sir4 (amino acids 951–1200) coding sequence and a NatMX
(nourseothricin resistance) selectable marker flanked by regions of
homology to the 3′ end of the targeted gene were transformed into
yRM1013. Strains and primers are listed in Supplemental Table S5.
Correct genomic integration was confirmed by PCR, followed by
Sanger sequencing both ends.
Transposon induction was carried out as a variant of the original
multiplexed Calling Card analysis (Wang et al., 2011). Each TF-Sir4–
tagged strain was transformed with a barcoded variant of pRM1001
(which carries a galactose-inducible Ty5 transposon with URA3 as
the auxotrophic marker). Cells were then pooled together and
grown on agar plates containing SLAG medium (Gimeno et al.,
1992). After induction of transposition and the growth of pseudohyphae into the agar, the yeastform cells were replica plated to yeast
extract/peptone/dextrose (YPD) plates, and any remaining yeastform cells were washed away with deionized water (Guldal and
Broach, 2006). The agar plates with embedded pseudohyphal cells
were then adjoined to new YPD plates for 24 h. YPD plates with
pseudohyphal cells were grown for an additional day to allow the
cells to lose the Ty5 plasmid. Cells were then serially replica plated
onto Glu –His, +5-fluoroorotic acid agar plates to select for genomic
insertions of the transposon. Libraries for mapping insertion positions were constructed as described in Wang et al. (2011) and
aligned to the genomic sequence and annotations for the Σ1278b
strain (Dowell et al., 2010). Network figures were generated using
Cytoscape (Smoot et al., 2011).
Regulation of pseudohyphal growth
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The sequence data from this study have been submitted to the
NCBI Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) under
accession number GSE54831.

Flo8p binding-site reporter
The DNA sequence corresponding to bases −1 to −1217 from the
transcription start site of CUP9 (YPL177C) was amplified by PCR
from Σ1278b genomic DNA and cloned to drive expression of
DsRed on a yeast centromere vector pRS314 to create plasmid
pRM1145. The Flo8-binding site at −617 to −607 bases from the
transcription start site was mutated from the consensus sequence
CGGGGTTTTCT to ACACACACAGA to create plasmid pRM1146.
Both plasmids were transformed into Σ1278b yeast and grown in
synthetic complete–Trp and SLAG-Trp media and imaged on a Zeiss
Axiovert200 fluorescent microscope (Carl Zeiss, Jena, Germany).

Reverse transcription-PCR analysis
Total RNA was isolated using TRIzol as described in Rio et al. (2010)
from 10-ml yeast cultures grown for the specified times in either YPD
or SLAG medium. Primers to amplify FLO11 transcript were
ODM1178 and ODM1179 and normalized to UBC6 transcript and
were amplified with ODM1120 and ODM1121. Primer sequences
are listed in Supplemental Table S6.

3C
DNA looping was measured with 3C protocol optimized for shortrange gene loops (Singh et al., 2009). Samples were normalized by
control PCRs using a pair of convergent primers within the chromosome V centromere: ODM1191 and ODM1192. Primer sequences
are listed in Supplemental Table S6.
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